In vitro synthesis of plum pox potyvirus (PPV)-specific nucleic acid has been measured in a crude fraction prepared from leaves of PPV-infected Nicotiana clevelandii plants. Using alkali and DNase treatments, the synthesized nucleic acid was shown to be RNA. The electrophoretic mobility and the differing sensitivity to RNase at high and low salt concentrations allowed the identification of in vitro products probably corresponding to replicative form and replicative intermediate RNA, as well as to single-stranded RNA. Most of the PPV-specific RNA synthesized was shown to be of positive polarity. The in vitro RNA synthesis, performed in the presence of actinomycin D, required all four ribonucleoside triphosphates and Mg 2+ ions. This enzyme extract contained about 6 % of the leaf protein and most of the identified virus-encoded proteins.
Introduction
The study of eukaryotic virus RNA replication is greatly hampered by the lack of a pure and stable RNA replicase. The first step in the purification of the viral replicases, namely the detection and the characterization of RNA-dependent RNA polymerase activity in virusinfected cells, has been reported for several animal and plant viruses (see review by Ishihama & Nagata, 1988) . These studies suggest that virus-specific RNA polymerases are complex in both structure and function, in some cases requiring certain cofactors for their function, for example a host terminal uridylyl transferase and the viral terminal protein VPg (Baron & Baltimore, 1982; Takegami et al., 1983 : Andrews et al., 1985 Moyer et al., 1986 : Dorssers et al., 1984 . Furthermore, most of the eukaryotic virus RNA replicases appear to be bound to cytoplasmic membranes in tight association with endogenous RNA template (Baltimore et al., 1963; Zabel et al., 1974; Takegami & Hotta, 1989) . For several plant viruses highly (Hayes & Buck, 1990) or partially (Miller & Hall, 1983; Dorssers et al., 1984; Houwing & Jaspars, 1986; Quadt & Jaspars, 1990) purified in vitro replciation systems have been isolated, some of which were dependent on the addition of an exogenous template and showed template specificity. However such systems have not been described for potyviruses.
The genome of plum pox potyvirus (PPV) consists of plus-sense single-stranded RNA of 9786 nucleotides (nt) (in the Rankovic isolate) Maiss et al., 1989; Teycheney et al., 1989) . Its expression involves the production of a large polyprotein that is proteolytically processed into smaller functional proteins (Garcia et al., 1989) . Five virus-encoded polypeptides have been detected in PPV-infected tissues: the 36.6K coat protein (CP) (Lain et al., 1988) , the 22K VPg (Reichmann et al., 1989) , the 68K cylindrical inclusion polypeptide (CI) and the nuclear inclusion proteins, i.e. the 49K proteinase (NIa) and the 59K putative RNA replicase (NIb) (Martin et al., 1990) . Potyviruses form one of the most pathogenic groups of plant viruses and very little is known about their RNA replication mechanism. As a first step towards the unravelling of this process, we describe the isolation of a crude membrane extract with RNA polymerase activity from PPV-infected leaves which catalysed the incorporation of [32p]UMP into PPV RNA in vitro.
Methods
Materials. Unlabelled ribonucleoside triphosphate and RNases A and T1 were from Boehringer Mannheim, DNase I (ribonuclease-free) was from Cooper Biochemical and [ct-32p]UTP at 400 Ci/mmol or 3000 Ci/mmol were obtained from Amersham.
Virus and plants. Nicotiana clevelandii plants were grown in a glasshouse. Fifteen days after sowing, the primary leaves were inoculated with crude sap from plants infected with the Rankovic isolate of PPV. After inoculation, the plants were transferred to a growth chamber and grown further at 22°C with 85% relative humidity and a 14 h photoperiod. In standard experiments, leaves were harvested 10 days after inoculation.
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Isolation of PP V crude membrane fractions. The isolation method was based on that described for the cowpea mosaic virus (CPMV) membrane-based replicase (Zabel et al., 1974) with some modifications. Ini'ected and non-infected leaves were homogenized in a chilled mortar with 6 ml of buffer A (50 mM-Tris-HCl pH 7.4, 10 mM-KC1, 1 mM-EDTA, 3 mM-2-mercaptoethanol) per 2 g of fresh weight. The homogenate was filtered through two layers of gauze and centrifuged at 1000 g for 10 min. The supernatant was adjusted to 20% glycerol and centrifuged at 30000 g for 30 min. The green pellet was resuspended in buffer B (50 mM-Tris-HCl pH 8-2, 10 mM-KC1, 10 mM-MgCI2, 1 mM-EDTA, 20~ glycerol, 3 mM-2-mercaptoethanol) with the aid of a homogenizer and sedimented again at 30000 g for 30 min. The pellet suspended in 0.5 ml of buffer B/2 g of fresh leaves was used as the crude membrane-bound replicase P3 fraction.
Replicase assay and analysis of products. The standard assay mixture was contained in a final volume of 0-2 ml of 50 mtvt-Tris-Hcl pH 8-2, 5~ glycerol, 10 mM-MgCI2, 10 mM-NaC1, 85 ktM each of ATP, GTP and CTP, 50 nM-[Ct-32p]UTP (4 ktCi), 1 mM-EDTA, 3 mi-2-mercaptoethanol and 20 ~tl of P3 enzyme preparation and was preincubated for 10 min at 4 °C with 20 rtg/ml of actinomycin D. Incubation was at 25 °C for 30 min. The reaction was stopped by the addition of a proteinase K/SDS/EDTA mixture (Maniatis et al., 1982) , and the incubation was continued for 30 min at 37 °C. After extraction with phenol/chloroform/isoamylalcohol (25/24/1) and ethanol precipitation, the synthesized material was analysed by 0-8 ~ agarose gel electrophoresis in non-denaturing (TAE/SDS) or denaturing (formaldehyde) conditions (Maniatis et al., 1982) .
Analysis of PPV nucleic acids in the P3 fraction. Southern and Northern blot analyses were performed as previously described by Southern (1975) and Maniatis et al. (1982) . 32p-labelled probes for the detection of positive strand RNA or negative strand RNA (400000 c.p.m./p.g) were synthesized with Klenow enzyme and the universal primer using single-stranded DNA from M13-derived phages, which contained positive or negative strand sequences of PPV cDNA from nt 5475 to 6480 , as templates.
SDS-PAGE.
Proteins were separated by electrophoresis on polyacrylamide gels according to the method of Laemmli (1970) and stained with Coomassie blue or transferred electrophoretically (250 mA, 5 h at 4 °C) to a sheet of nitrocellulose using the Bio-Rad Trans-Blot apparatus and 20mM-Tris, 150mu-glycine and 20~ methanol at pH 8-2 as the transfer buffer. After protein transfer, the nitrocellulose sheets were incubated with antibodies as described in Martin et al. (1990) .
Results

Preparation and characterization of the P3 fraction
To investigate PPV RNA synthesis, the procedure described for the preparation of the CPMV crude membrane-bound RNA replicase was adapted for the isolation of a crude extract from PPV-infected N. clevelandii leaves. Fraction P3 was obtained by sedimentation at 30000 g after a preliminary low speed centrifugation to remove cell debris, and contained about 6~ of the total leaf protein (Fig. 1 a) .
The different steps of the extract preparation procedure were analysed by SDS-PAGE. At 10 days after PPV inoculation, CI was the only viral polypeptide clearly identifiable by Coomassie blue staining (Fig. 1 b) . However, Western blots probed with different antibodies allowed the identification of other viral proteins. In addition to the CI protein, NIa, NIb, the presumed NIa-NIb polypeptide (Martin et al., 1990) and CP remained in the supernatant after the low speed centrifugation but sedimented in the P3 fraction after high speed centrifugation (Fig. I c) . Although detailed quantification has not been performed, both positive and negative strands of PPV RNA were detected in the P3 fraction by Northern hybridization (Fig. 1 d) .
Detection of RNA polymerase activity
Similar levels of RNA polymerase activity were detected in uninfected and PPV-infected leaves when RNA synthesis was measured by incorporation of [3zp]uMP in trichloroacetic acid-insoluble material, although the reaction was performed in the presence of actinomycin D to inhibit the host DNA-dependent RNA polymerases (not shown). Most of the activity was found in the P1 fraction, where the total incorporation of radioactivity was more than 10 times higher than in the other fractions (not shown). PPV-specific [32p]UMP incorporation could be detected by analysing the synthesized products by agarose gel electrophoresis. Most of the [32p]labelled material, corresponding to fraction P1 from both healthy and infected leaves, consisted of small fragments which usually ran out of the gel. Moreover, two bands of low mobility and a diffuse band migrating at the position of PPV virion RNA could be detected in infected but not in non-infected leaf extracts (Fig. 2) . The relative intensity of these bands varied in different experiments. Most of the RNA polymerase activity responsible for the PPVspecific bands remained in the low speed supernatant S 1, being detected mainly in concentrated high speed pellets Pz and P3 (Fig. 2, lanes 10 and 12) . These synthesized products were insensitive to DNase activity in the incubation medium (Fig. 2, lane 13) indicating that the reaction was occurring without template DNA and that DNA was not the product of the reaction.
Virus activity appeared approximately 3 days after inoculation, preceding the symptom development and the greatest virus accumulation; maximum activity was observed at 10 to 12 days post-inoculation (data not shown). RNA synthesis in the P3 extract was linear for 30 min and then declined. The incorporation of [3zp]UMP increased with the amount of P3 extract added up to approximately 100 ~tg per 200 ~tl of reaction mixture (not shown).
The omission of the three unlabelled ribonucleoside triphosphates ATP, GTP and CTP from the reaction prevented [32p]UMP incorporation into PPV-specific bands in P3 extracts (Fig. 3a, lane 1) . RNA synthesis was 4) , treated with SDS-proteinase K and phenol-extracted, were subjected to denaturing agarose gel electrophoresis, transferred to a nitrocellulose membrane and hybridized to 32p-labelled probes containing PPV cDNA sequences of positive (lanes t and 2) or negative (lanes 3 and 4) polarity.
m u c h higher w h e n the c o n c e n t r a t i o n of the three u n l a b e l l e d N T P s was 85 ~tM rather t h a n 8-5 ~tM b u t a higher c o n c e n t r a t i o n (850 ~tM) hardly affected the activity (Fig. 3a, lanes 2 to 4) . M g z÷ ions were r e q u i r e d for P P V R N A replicase activity (Fig. 3b, lane 1) . T h e o p t i m a l c o n c e n t r a t i o n was in the r a n g e of 5 to 10 mM, a n d higher c o n c e n t r a t i o n s of M g 2÷ caused a g r a d u a l decrease in e n z y m e activity (Fig.  3 b, lanes 2 to 5) . O p t i m a l activity was a c h i e v e d w i t h 20 to 50 m M -N a C I ; higher c o n c e n t r a t i o n s caused some i n h i b ition. T h e e n z y m e activity was sensitive to the presence of (NH4)2SO, ~. E v e n at a c o n c e n t r a t i o n of 5 mM some decrease in the R N A synthesis could be detected (not shown). degraded by treatment with 0.1 M-NaOH (Fig. 4a , lanes 1 and 2) and were insensitive to D N a s e I (Fig. 2, lane 13) , indicating that [32p]UMP had been incorporated into the R N A . The band of lowest electrophoretic mobility and the material migrating as P P V R N A disappeared on treatment with RNases at high salt concentration (2 × SSC) suggesting that they were partially or completely single-stranded R N A . In contrast, the other low mobility band was not altered by treatment with RNases in high salt, suggesting that it consisted of doublestranded R N A (Fig. 4a, lane 3) . As expected, all labelled material was degraded by RNases at low salt concentration (Fig. 4a, lane 4) . In the presence of non-ionic detergent, 5% N P 4 0 or 0-5% Triton X-100, the most retarded band was not detected and the intensity of smeared material increased (Fig. 4a, lanes 5 to 6) . A similar result has been reported for the Japanese encephalitis virus membrane-bound R N A polymerase activity (Takegami & Hotta, 1989 ) and seems to indicate that detergents interfere with positive strand synthesis at m e m b r a n e structures, probably by initiating premature liberation of single-stranded R N A chains from the replicative intermediates.
Characterization of the synthesized products
The products of the reaction were also analysed by electrophoresis in a denaturing agarose gel. The autoradiogram showed the presence of a broad band at the purified virion P P V R N A position (Fig. 4a, lane 7) . In addition, the synthesized products specifica!ly hybri- dized to single-stranded PPV e D N A of negative polarity (Fig. 4b) indicating that most of the viral-specific R N A synthesized in vitro was of positive polarity.
Discussion
The presence of a host RNA-dependent R N A polymerase activity in healthy plants (Zabel et al., 1974; Fraenkel-Conrat, 1983; Dorssers et al., 1983 
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Brinton, 1986), which is stimulated by virus infection (Romaine & Zaitlin, 1978; Gordon et aL, 1982; Dorssers et al., 1983) , usually hampers the study of viral R N A replicases involved in virus R N A replication. In fact, the level of [32p]UMP incorporation in trichloroacetic acidinsoluble material was so high in healthy N. clevelandii leaf extracts that R N A replicase activity induced by PPV infection could not be detected at this stage. However, low mobility radioactive material, detected by agarose gel electrophoresis, was synthesized by extracts of PPV-inoculated leaves whereas healthy leaf extracts incorporated [32PLUMP only in material of low molecular size, suggesting that an RNA-dependent R N A polymerase activity was induced by PPV infection. The insensitivity of the enzyme activity to actinomycin D, the resistance to DNase of the reaction products, which were completely degraded by alkali, and the requirement for the four ribonucleoside triphosphates in the in vitro reaction, suggest that the virus-induced activity was an RNA-dependent R N A polymerase involved in the elongation of viral R N A chains. The analysis of the in vitro synthesized material seemed to indicate that double-stranded replicative form, partially single-stranded replicative intermediates and probably single-stranded R N A were all products of the reaction. Most of the virus-specific R N A polymerase activity was present in the cell fraction which sedimented after 30min at 30000g. Since the P3 fraction mainly contained membrane material, apart from the rest of the nuclei and organelles disrupted during the leaf homogenization, PPV R N A replication is probably associated with membrane structures as is also the case for other R N A viruses (Zabel et al., 1974; Takegami & Hotta, 1989) .
Based on amino acid sequence homology, the PPV N I b protein has been postulated to be the viral R N A replicase (Lain et al., 1988) and a R N A helicase activity has been attributed to the PPV CI protein (Lain et al., 1991) . Both N I b and CI proteins, likely to be involved in R N A replication, were present in the P3 fraction. In addition, it also contains the N I a protease and the CP. The expression strategy of potyviruses presumably leads to the production of a large excess of non-structural proteins and some of them could aggregate, in an active or inactive form, in different subcellular compartments (i.e. cytoplasmic and nuclear inclusions). For this reason, the detection of PPV polypeptides in the P3 fraction is not a demonstration of their participation in the R N A replication process, and their accumulation in different parts of the infected cells is not proof against it. Additional purification is required to determine the viral and host proteins involved in PPV R N A replication. Our results describe the possibility of preparing an in vitro system to analyse the replication of a potyvirus.
